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INTRODUCTION 

A l l  coa ls ,  o t h e r  than a n t h r a c i t e s ,  tend t o  be ve ry  s e n s i t i v e  t o  o x i d a t i o n .  
Even exposure t o  a i r  a t  ambient temperature causes d e t e r i o r a t i o n  t o  the e x t e n t  t h a t  
p r o p e r t i e s  such as s o l u b i l i t y ,  cak ing,  f l u i d i t y ,  t a r - y i e l d ,  e t c . ,  a re  adverse ly  
a f f e c t e d .  A l though the  loss o f  h e a t i n g  va lue  and decrease i n  t a r - y i e l d  due t o  
o x i d a t i o n  can be e x p l a i n e d  i n  terms o f  loss i n  hydrogen contents ,  d e t a i l s  o f  the 
chemical changes and the  mechanism o f  o x i d a t i o n  a r e  u n c e r t a i n .  There i s  agreement 
among coal  chemists t h a t  the i n i t i a l  s tages o f  a i r - o x i d a t i o n  i n v o l v e  chemiso rp t i on  
o f  oxygen a t  r e a d i l y  access ib le  su r face  s i t e s ,  b u t  f u r t h e r  d e f i n i t i o n  o f  the mech- 
a n i s t i c  pa th  a t  t h e  molecular  l e v e l  i s  s t i l l  c o n t r o v e r s i a l .  

A i r - o x i d a t i o n  renders coa l  i n c r e a s i n g l y  s o l u b l e  i n  a l k a l i  as 'humic a c i d '  
w i t h  u l t i m a t e  loss o f  20-308 carbon as carbon-oxides and 40-50% hydrogen as water .  
The s o l u b i l i z e d  c o a l ,  named as 'humic a c i d ' ,  i s  s p e c t r o s c o p i c a l l y  s i m i l a r  t o  the 
parent  coa l  except f o r  oxygen f u n c t i o n a l  groups i d e n t i f i e d  as pheno l i c  -OH, -COOH, 
and =CO (ketone and/or quinone) r e s p e c t i v e l y .  The pe r iphe ra l  molecular  changes 
associated w i t h  t he  fo rma t ion  o f  oxygen- funct ions a re  exp la ined  ( I )  by a scheme 
resembling the  gas-phase o x i d a t i o n  o f  naphthalene t o  p h t h a l i c  a c i d  and ma le i c  
anhydr ide i n  sequen t ia l  s teps .  The l i m i t i n g  elemental composi t ions o f  t h e  humic 
a c i d s  depend on the temperature o f  o x i d a t i o n ,  and tend t o  vary s l i g h t l y  w i t h  coal  
rank. Higher  temperature and/or h i g h e r  oxygen p a r t i a l  pressure acce le ra tes  the 
r a t e  o f  t h e  r e a c t i o n .  A t  temperatures beyond 250°C, a v i r t u a l  low-temperature 
combustion process s e t s  i n .  

I t  cou ld  be argued t h a t  p roduc t i on  o f  p h t h a l i c  anhydr ide by gas-phase 
o x i d a t i o n  o f  naphthalene i s  a c a t a l y t i c  process, and r e q u i r e s  temperature-pressure 
cond i t i ons  fa r  more severe than coa l -ox ida t i on .  Coals, in  c o n t r a s t ,  weather away 
under ambient c o n d i t i o n s ,  l e a v i n g  chemica l l y  i d e n t i c a l  'humic a c i d '  t h a t  can be 
generated by  a i r - o x i d a t i o n  a t  150-200%C. The r e a c t i v i t y  o f  coa l  f o r  e l e c t r o p h i l i c  
a t t a c k  by  oxonium ions  i s  t h e r e f o r e  h a r d l y  comparable t o  t h a t  o f  naphthalene, and 
i t  i s  u n l i k e l y  t h a t  the minera l  ma t te r  i n  coal  i s  a more e f f e c t i v e  o x i d a t i o n  
ca t a l  ys t than vanad i urn pentox ide.  

The fo rma t ion  o f  t r a n s i e n t  ketones o r  quinones du r ing  a i r - o x i d a t i o n  i s  i n -  
d i r e c t l y  demonstrated by  "ammoxidation" o f  coa l .  I f  t he  r e a c t i o n  i s  conducted i n  
an atmosphere o f  gaseous ammonia ( 2 ) ,  the r a t e  o f  r e a c t i o n  f a l l s  r a p i d l y  w i t h  p ro -  
g ress i ve  i n c o r p o r a t i o n  of n i t r o g e n  (as h i g h  as 20%) .  and the  reac ted  sol i d  r e s i s t s  
f u r t h e r  o x i d a t i n n .  I n  +he :cst-!~tzl ~ z = k z : ~ s , ~  Fsr t l i is  I - C a ~ i ; ~ ~ ~ ,  iiic i rans iorma- 
t i o n  o f  t r a n s i e n t  k e t o n i c  f u n c t i o n s  t o  n i t r o g e n  func t i ons  i n  the form o f  amide o r  
imide,  and f u r t h e r  s t a b i l i z a t i o n  o f  imido f u n c t i o n s  by o x i d a t i v e  r i ng -c losu re ,  a r e  
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put forward t o  e x p l a i n  the  r e f r a c t o r y  n a t u r e  o f  t h e  " a m o x i d a t i o n "  p roduc t  ( 2 b ) .  
The ketones may be  generated by o x i d a t i o n  o f  hydroxy l  groups, i n s e r t i o n  O f  oxygen 
i n  C-H bonds, o r  by o x i d a t i o n  o f  carbanion species.  

The presence o f  a l k a l i ,  e.g. sodium hydroxide, on the  o t h e r  hand, a c c e l -  
e ra tes  r a t e  o f  r e a c t i o n .  When coal  i s  s l u r r i e d  w i t h  aqueous sodium hydrox ide  and 
reacted w i t h  oxygen under pressure (and temperature as h i g h  as ZOOOC), a complete 
break-down o f  s t r u c t u r a l  components lead t o  aromat ic c a r b o x y l i c  ac ids  ( 3 ) .  T h i r t y  
t o  45 per  cent  o f  the t o t a l  carbon i s  recovered as  c a r b o x y l i c  a c i d s ,  and the re- 
mainder i s  l o s t  t o  carbon d i o x i d e .  No a t tempt  was made t o  demonstrate a mechanis- 
t i c  r o u t e  f o r  t h i s  process. However, r e a c t i o n s  o f  coal  w i t h  sodium dichromate a t  
250°C i n  an au toc lave  under autogenic p ressure  ( 4 ) ,  or w i t h  sodium h y p o c h l o r i t e  i n  
an open f l a s k  a t  60-65°C ( 5 ) ,  a l s o  des t roy  the s t r u c t u r a l  components t o  y i e l d  low- 
molecular weight c a r b o x y l i c  a c i d s .  I n  a l l  these r e a c t i o n s ,  the o x i d a t i o n  pa ths  
appear t o  be s u b s t a n t i a l l y  i d e n t i c a l ,  ( i f  one cons iders  the genera t ion  o f  the  p r o -  
ducts o n l y ) ,  and the carbon d i s t r i b u t i o n s  i n  the  produc ts  a t  the  comple t ion  o f  the 
reac t ions  a r e  q u i t e  s i m i l a r .  Whi le the  r e a c t i v i t y  f o r  o x i d a t i o n  decreases w i t h  
inc reas ing  rank, such dependence i s  e l i m i n a t e d  i f  the sample i s  p a r t i a l l y  a i r -  
o x i d i z e d  o r  'weathered ' .  Th is  can be r a t i o n a l i z e d  from the g e n e r a t i o n  o f  ketones 
i n  the hydrocarbon s k e l e t o n  o f  c o a l ,  which, i n  t u r n ,  would a c t i v a t e  ad jacent  carbon 
atoms f o r  f u r t h e r  o x i d a t i o n .  The step-wise o x i d a t i v e  degradat ion  o f  hydrocarbon 
chains ( 6 )  i s  supposed t o  f o l l o w  t h i s  course. However, coal  i s  n o t  an agglomera- 
t i o n  o f  hydrocarbon chains and a b e t t e r  mechanism (based on a s t r i c t l y  p h y s i c a l  
model) can be developed from the  concept o f  a ' s h r i n k i n g  c o r e ' .  The o x i d a n t  i s  
chemisorbed and reac ts  on the  sur face .  Wi th  a i r ,  the predominant process i s  r a p i d  
genera t ion  o f  humic a c i d  fo l lowed by secondary decomposi t ion o f  carboxyl  f u n c t i o n s  
as envisaged by Jensen e t  a l  (7)  and e l a b o r a t e d  by Berkowi tz  ( I ) .  I n  wet o x i d a t i o n ,  
the 'humic a c i d '  formed a t  the  o u t e r  l a y e r  o f  the  p a r t i c l e  i s  e x t r a c t e d ,  and f u r t h e r  
o x i d i z e d  i n  a homogeneous s o l u t i o n  phase; and a f r e s h  r e a c t i v e  s u r f a c e  i s  c rea ted  on 
the s h r i n k i n g  p a r t i c l e  f o r  c o n t i n u i n g  ' p r i m a r y '  o x i d a t i o n .  

But such a phenomenological d e s c r i p t i o n  does n o t  i n  i t s e l f  o f f e r  c l u e s  to 
a mechan is t i c  pa th  a t  the molecular l e v e l .  I t  merely d e f i n e s  ques t ions  t h a t  need 
t o  be answered, s p e c i f i c a l l y ,  

a. what are the a c t i v e  sur face  s i t e s  (and t h e i r  chemical p r o p e r t i e s )  a t  
which i n i t i a l  o x i d a t i o n  occurs? 

b. does the r e a c t i o n  i n v o l v e  r a d i c a l  o r  i o n i c  species,  o r  does i t  proceed 
by s imple i n s e r t i o n  o f  t h e  e l e c t r o p h i l i c  agent? 

c. which bonds are c leaved t o  generate l o w  molecular-weight compounds? and 

d. why i s  the r e a c t i v i t y  o f  t h e  o x i d a n t  i n s i g n i f i c a n t  i n  r e l a t i o n  t o  the 
r e a c t i v i t y  o f  t h e  c o a l ?  

SEARCH FOR A PROBE 

I n  c o a l - c o n s t i t u t i o n  s t u d i e s ,  o x i d a n t s ,  thought t o  be s e l e c t i v e ,  were used 
t o  exp lo re  the mechan is t i c  maze o f  c o a l - o x i d a t i o n .  However, i n  the c l a s s i c a l  work 
o f  Bone and Wheeler (8)  which was based on a l k a l i n e  potassium permanganate, t h e  
o x i d a n t  c leaved aromat ic  as w e l l  as a l i p h a t i c  C - C  bonds. L a t e r  work was devoted t o  
study the e f f e c t  o f  m i l d e r  ox idants .  
r e a d i l y  conver ts  coal  i n t o  humic a c i d  (which was q u i t e  h e l p f u l  because the humic 
a c i d  on r e d u c t i o n  w i t h  sodium amalgam y i e l d e d  d i s t i n c t i v e  p h e n o l i c  p roduc ts  i n  
which propyl-benzene s t r u c t u r e  o f  l i g n i n  cou ld  be i d e n t i f i e d ) .  Sodium dichromate 
( 4 ) ,  and sodium h y p o c h l o r i t e  ( 5 ) ,  intended f o r  r e a c t i o n s  w i t h  a l i p h a t i c  s t r u c t u r e s ,  
r e a d i l y  c leaved some coa ls  t o  products much l e s s  complex than humic a c i d  and y i e l d e d  
benzene po lycarboxy l  a c i d s  as major p roduc ts .  The s tudy  w i t h  dichromate was r e s t r i c -  

For example, aqueous p e r f o r m i c  a c i d  (9) 
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ted t o  hvb-coals,  whereas, w i t h  h y p o c h l o r i t e  f rom l i g n i t e  t o  Ivb-coa l  (C=90%) were 
reac ted .  P a r t i a l  o x i d a t i o n  o f  a romat ic  s t r u c t u r e s  by dichromate ions was suspected 
a long w i t h  the intended cleavage o f  a l i p h a t i c  C - C  bonds. The mechanism o f  hypo- 
c h l o r i t e  o x i d a t i o n  i s  n o t  f u l l y  understood. The r e a c t i v i t y  o f  c o a l s  toward hypo- 
c h l o r i t e  o x i d a n t  i s  rank-dependeot. React ion w i t h  coal  c o n t a i n i n g  more than 82% C 
i s  l i m i t e d  t o  s u r f a c e  degradat ion ;  loses 5-12% carbon presumably as CO2; and the 
r e s u l t e d  s o l i d  r e s i d u e  has h igher  oxygen conten t  than the parent  c o a l .  Yet, i f  the 
h igh- rank  coa ls  a re  p r e t r e a t e d  w i t h  n i  t ron ium t e t r a f l u o r o b o r a t e  (a  n i t r a t i n g  agent ) ,  
o r  a r e  p a r t i a l l y  o x i d i z e d  w i t h  a i r  a t  150"C, complete d i s s o l u t i o n  o f  coal  can be 
achieved. 

Pre t rea tment  w i t h  a n i t r a t i n g  agent shou ld  y i e l d  convent iona l  n i t robenzene 
d e r i v a t i v e s .  The n i t r o - g r o u p  g e n e r a l l y  d e a c t i v a t e s  aromat ic  r i n g s  f o r  e l e c t r o -  
p h i l i c  a t t a c k ,  and a c t i v a t e s  the  s i d e  c h a i n  f o r  o x i d a t i o n .  O e r i v a t i z a t i o n  migh t  
t h e r e f o r e  be expected t o  c o n f i n e  o x i d a t i o n  t o  a l i p h a t i c  s t r u c t u r e s  and t o  preserve 
aromat ic  r i n g s .  B u t  o n l y  3-6% o f  the  n i t r o g e n  o f  the n i t r o - c o a l  cou ld  be recovered 
a f t e r  h y p o c h l o r i t e  o x i d a t i o n ,  and t h e  produc t -mix tu res  contained q u i t e  i n s i g n i f i -  
can t  amounts o f  n i  tro-benzene s t r u c t u r e s  (IO). 

The puzz le  was unscrambled when i t  was observed t h a t  h i g h  rank coa ls  cou ld  
be more e x t e n s i v e l y  o x i d i z e d  when the  h y p o c h l o r i t e  was used i n  a two-phase (methy l -  
ene c h l o r i d e - w a t e r )  system, and tetrabutylammonium f l u o r o b o r a t e  was added as a 
phase- t rans fer  c a t a l y s t .  Table I shows the  r e s u l t s  o f  t h i s  study. 

Tab le  1 .  Two-Phase H y p o h a l i t e  Ox ida t ion :  Recovery o f  Carbon i n  Products 
(per  cent  carbon) 

Products hvb-coal  Ivb-coal  
(C 86, H 5.5) ( C  88.1, H 4 . 9 )  

Carbon d i o x i d e  13 .2  22.04 
V o l a t i l e  ac ids  (a) 1.8 3.0 
Hexane s o l u b l e  (Me-ester)  10.0 (b) 11.0 ( c )  
Hexane i n s o l u b l e  (Me-ester) 1.3 2.5 
MeOH-soluble ( a c i d )  9.0 14.1 
Unaccounted 10.0 10.0 
Oxidized i n s o l  u b l e  res idue 44.7  27.3 

(a) a c e t i c ,  c h l o r o a c e t i c ,  p r o p i o n i c  and malon ic  ac ids ;  (b) p h t h a l i c  ac id ,  94%; 
( c )  p h t h a l i c  a c i d  6 2 % ,  t r i c a r b o x y l  benzene 32% and te t racarboxy lbenzene 5%. 

I t  i s  no tewor thy  t h a t  i n  t h i s  system Ivb-coa l  i s  o x i d i z e d  t o  a g r e a t e r  ex- 
t e n t  ( g i v i n g  h i g h  y i e l d  o f  carbon d i o x i d e  and methano l -so lub le  a c i d s ) ,  than hvb- 
coa l .  S t r u c t u r a l  d i f f e r e n c e s  between these t w o  coa ls  a re  a l s o  revea led  i n  the 
r e s p e c t i v e  produc t  d i s t r i b u t i o n s .  From the hvb coa l ,  p h t h a l i c  a c i d  i s  a major 
p roduc t  ( i n  a d d i t i o n  t o  carbon d i o x i d e ) ,  and a s u b s t a n t i a l  f r a c t i o n  (44 .7% C) 
r e s i s t s  f u r t h e r  o x i d a t i o n  by t h i s  reagent.  From the I v b - c o a l ,  major products a re  
d i - ,  t r i -  and tetracarboxylbenzene; carbon d i o x i d e  y i e l d  i s  50% g r e a t e r  and o n l y  
27% carbon r e s i s t  f u r t h e r  degradat ion .  

I n  a p a r a l l e l  study o f  o x i d a t i o n  under the same c o n d i t i o n s ,  a polymer, 
e thy l -po lyv iny lbenzene.  was found t o  be unrpar . t i v r  in 8" n,- r? t2!yz=i  JZ ::c!! ;; i n  
a ca ta lyzed two-phase system. Even a f t e r  n i t r a t i o n  w i t h  n i t r o n i u m  t e t r a f l u o r o b o r a t e ,  
i t  d i d  n o t ,  l i k e  c o a l ,  break down t o  carbon d i o x i d e  o r  c h l o r o p i c r i n .  Only d i s c o l o r -  
a t i o n  and p a r t i a l  c h l o r i n a t i o n  were observed. The r e a c t i v i t y  o f  coa l  toward t h i s  
o x i d a n t  was found to  be very much g r e a t e r  than the r e a c t i v i t y  o f  b e n z y l i c  methylene 
o r  methine groups i n  e thy l -po lyv iny lbenzene polymer.  

The c a t a l y z e d  o x i d a t i o n  w i t h  h y p o h a l i t e  ions  o f  coal may n o t  be r e s t r i c t e d  
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t o  a l i p h a t i c  s t r u c t u r e s  o n l y .  
i n  p y r i d i n e  s o l u t i o n  have been used t o  o x i d i z e  a l i p h a t i c  s ide-chains ( 1 1 ) .  
coals ,  subbituminous, hvb and I vb ,  were t r e a t e d  w i t h  an excess o f  te t rabuty lamnonium 
pe rmngana te in  p y r i d i n e  a t  50°C and y i e l d e d  r e s u l t s  summarized i n  Table 2 .  

Table 2. 

Permanganate i ons  i n  the f o r m  o f  alkylammonium s a l t s  
Three 

Ox ida t i on  w i t h  Tetrabutylammonium Permanganate 

Coal 

s u b b i t  (C 78%) hvb (C 86%) I v b  (C 88%) 
Ox ida t i on  Data 

% Carbon recovered as 
so lub le  product  

Products, mole % 
Ace t i c  a c i d  
Propanoic a c i  d 
Butanoic  a c i d  
Pentanoic a c i d  
Succ in i c  a c i d  
G l u t a r i c  a c i d  
Ad ip i c  a c i d  
Octanedio ic  a c i d  
P h t h a l i c  a c i d  
Unknown peak 

9.5 

12.4 
3.3 

yes 

86.1 

Y 

6.2 

1 1 . 4  
4.9 
3.9 
4.5 

17.4 
0.7 
3 .O 

50.5 
3.5 
yes 

The mole pe rcen t  composi t ions were c a l c u l a t e d  f rom the  major i d e n t i f i e d  peaks i n  
the  gas chromatograms o f  t h e  methy l  es te rs .  The unknown peak i n  the chromatogram 
was assigned as 1,1,2-ethanetr icarboxy l  a c i d  f rom mass-spectral data and r e t e n t i o n  
time. The y i e l d  o f  t h i s  a c i d  f rom hvb coal  was g r e a t e r  than f rom the o t h e r  two; 
and, i f  the s t r u c t u r a l  assignment i s  c o r r e c t ,  the i s o l a t i o n  o f  t h i s  p roduc t  i n d i -  
cates the  presence o f  b r i dged  a l i p h a t i c  c o n f i g u r a t i o n s  i n  the pa ren t  coa ls .  I n  
con t ras t ,  the  large-component i n  the a c i d  m i x t u r e  was o c t a n e d i o i c  a c i d  (which must 
have de r i ved  f rom r i n g  s t r u c t u r e s  l a r g e r  than cyclohexane) and i s  present  i n  l e s s e r  
q u a n t i t y  (50% as compared t o  84-86%) i n  hvb coa l .  
y ie lded  s u c c i n i c ,  g l u t a r i c  and a d i p i c  ac ids ,  presumably by degradat ion o f  c y c l o -  
hexane r i n g s .  The s t r a i g h t  chain components, de r i ved  f rom o x i d a t i o n ,  a re  a lmost  
i d e n t i c a l  i n  a l l  t h ree  coa ls .  Though the  t o t a l  convers ion y i e l d s  a r e  i n  the  o r d e r  
of 10% on ly ,  t he  data a re  ve ry  s i g n i f i c a n t  t o  i n d i c a t e  the  s t r u c t u r a l  d i f f e rences  
between coals .  The concept o f  systemat ic  e v o l u t i o n  o f  rank by i nc reas ing  a romat i -  
za t i on  o f  hydroaromat ic  s t r u c t u r e s  i s  too e m p i r i c a l  t o  accomodate the r e s u l t s  o f  
t h i s  s tudy.  The presence of b r idged  a l i c y c l i c  and l a r g e  a l i c y c l i c  r i n g s  i n  t h e  hvb 
coal i s  demonstrated by these r e s u l t s ;  f u r t h e r  a t t e n t i o n  would focus t o  e s t a b l i s h  
whether these s t r u c t u r a l  f ea tu res  are unique f rom some coals  o r  belong t o  a s e t  
p a t t e r n  o f  coal  -cons t i  t u t  ion .  

Moreover, o n l y  the hvb coal  

CONCLUSION 

The above d i scuss ion  j u s t i f i e s  the theme o f  the p resen ta t i on .  Coal- 
o x i d a t i o n  i s  un ique i n  a mechan is t i c  sense, b u t  much more compl icated than would 
be expected f r o m  o x i d a t i o n s  o f  s tandard o r g a n i c  compounds. I t  i s  reasonable t o  
assume t h a t  a l i p h a t i c  s t r u c t u r e s ,  p a r t i c u l a r l y  b e n z y l i c  methy l ,  methylene o r  
methine groups, o r  carbon ad jacen t  t o  hetero-atoms a r e  the most reac t i ve ,  and a r e  
ox id i zed  t o  ketones o r  c a r b o x y l i c  ac ids .  I n  o r d e r  t o  degrade coal  t o  CO2 and water-  
so lub le  low-molecular-weight compounds by m i l d  ox idan ts ,  an abundance o f  these 
func t i ona l  groups must be assumed. However, the s t a b i l i t y  o f  e thy l -po l yv iny lbenzene  
polymer towards h y p o c h l o r i t e  o x i d a n t  i n d i c a t e s  t h a t  a c t i v a t i o n  o f  coal-carbon f o r  
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o x i d a t i o n  r e s u l t s  f r o m  fea tures  o t h e r  than e l e c t r o n e g a t i v i t y  o f  a romat ic  r i n g s .  
The uniqueness o f  t h e  c o a l - o x i d a t i o n  has t o  r e s t  on a d e s t a b i l i z i n g  f a c t o r  which 
makes even aromat ic s i t e s  v u l n e r a b l e .  

One may specu la te  t h a t  m i n e r a l  mat te r  i n  coal  i s  coord ina ted  w i t h  aromat ic 
s t r u c t u r e s ,  and t h a t  t h e  r e s u l t a n t  complexes a r e  d e s t a b i l i z e d  by e l e c t r o p h i l i c  
a t t a c k .  I f  a coal  i s  an entangled i n t e r p e n e t r a t i n g  macromolecular m i x t u r e  ( 1 2 ) ,  
the d e s t a b i l i z i n g  e f f e c t  would decrease w i t h  i n c r e a s i n g  compactness o f  the  phys ica l  
s t r u c t u r e  which accompanies inc rease i n  rank; h i g h e r  rank coa ls  would t h e r e f o r e  be 
less  r e a c t i v e .  However, i f  the  o x i d a n t  can a l s o ,  l i k e  minera l  mat te r ,  i n t e r c a l a t e ,  
i t  would open the s t r u c t u r e  up, and produce d e s t a b i l i z a t i o n .  The success of wet 
o x i d a t i o n  would then depend l e s s  on the o x i d a t i o n  p o t e n t i a l  than on the a b i l i t y  of 
the ox idant  t o  i n t e r c a l a t e .  The o x i d a t i o n  of I v b  coal  w i t h  ass is tance from phase- 
t r a n s f e r  c a t a l y s t s  i n  a two-phase system i s  c o n s i s t e n t  w i t h  t h i s  view. 

EXPERIMENTAL 

The subbi tuminous and I v b  c o a l s  a re  from A l b e r t a ,  Canada (Cretaceous),  and 
hvb coal i s  f rom V i r g i n i a ,  U.S.A.  (Carbon i fe rous) .  A l l  coa ls  a re  c leaned by 
g r a v i t y  separa t ion .  

Commercial b l e a c h  (0.8 molar s o l u t i o n )  was used f o r  h y p o c h l o r i t e  o x i d a t i o n .  
Tetrabutylammonium f l u o r o b o r a t e  was o f  e l e c t r o m e t r i c  grade supp l ied  by Southwestern 
A n a l y t i c a l  Chemicals Inc., A u s t i n ,  Texas. 

Tetrabutylammonium permanganate was prepared by exchange r e a c t i o n  between 
tetrabutylamnonium bromide and a n a l y t i c a l  grade potassium permanganate. 

Two-phase O x i d a t i o n  

5.0 g a i r - d r i e d  coa l  and 5.0 g t e t r a b u t y l a m o n i u m  f l u o r o b o r a t e  were placed 
i n  a 50 m l  d ichloromethane, and the  suspension a g i t a t e d  i n  an Erlenmeyer f l a s k  a t  
3 O o C  w h i l e  h y p o c h l o r i t e  solution was added a t  i n t e r v a l s  u n t i l  consumption o f  t h e  
o x i d a n t  ceased. The r e a c t i o n  r e q u i r e d  t h r e e  days f r o m  comple t ion .  The r e a c t i o n  
m i x t u r e  was then f u r t h e r  d i l u t e d  w i t h  dichloromethane, and separated i n t o  l a y e r s .  
The organ ic  l a y e r  conta ined the  ammonium s a l t  and was removed. The aqueous l a y e r ,  
a f t e r  a c i d i f i c a t i o n ,  was e x t r a c t e d  w i t h  e t h y l  e t h e r .  S o l i d  products f i l t e r e d  from 
the  aqueous l a y e r  were e x t r a c t e d  w i t h  methanol. The e t h e r - s o l u b l e  f r a c t i o n  was 
methylated w i t h  diazomethane, and the  e s t e r s  were separated i n t o  hexane-soluble 
and - i n s o l u b l e  f r a c t i o n s .  The composi t ion o f  the hexane-soluble f r a c t i o n  was 
determined by G.C.-mass spec t romet ry .  

Ox ida t ion  w i t h  T e t r a b u t y  1 ammon i um Permanganate 

5.0 g d r i e d  c o a l ,  20.0 g ox idant ,  and 75 m l  p y r i d i n e  were heated i n  a two- 
necked f l a s k  under h e l i u m  atmosphere a t  5 O o C ,  and mechan ica l l y  s t i r r e d  f o r  24  hours.  
The so lvent  was then d i s t i l l e d  o f f  under reduced pressure,  and the res idue d i l u t e d  
w i t h  water. Excess permanaganate was n e u t r a l i z e d  w i t h  sodium b i s u l f i t e ;  the  m i x t u r e  
a c i d i f i e d  w i t h  h y d r o c h l o r i c  a c i d ,  and f i n a l l y  f i l t e r e d .  The w a t e r - e x t r a c t  was 
washed w i t h  dichloromethane t o  separate t e t r a b u t y l a m o n i u m  s a l t ,  and t h e r e a f t e r  
con t inuous ly  e x t r a c t e d  w i t h  e t h y l  e t h e r .  The e t h e r - e x t r a c t  was methylated w i t h  
diazomecnane ana analyzed by G.C.-mass spec t romet ry .  
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